On the road towards next generation high efficiency solar cells, the ternary Indium Gallium Nitride (InGaN) alloy is a good passenger since it allows to cover the whole solar spectrum through the change in its Indium composition. The choice of the main structure of the InGaN solar cell is however crucial. Obtaining a high efficiency requires to improve the light absorption and the photogenerated carriers collection that depend on the layers parameters, including the Indium composition, p-and n-doping, device geometry. . . Unfortunately, one of the main drawbacks of InGaN is linked to its p-type doping, which is very difficult to realize since it involves complex technological processes that are difficult to master and that highly impact the layer quality.
Introduction
The Indium Gallium Nitride (InGaN) ternary alloy has attracted attention as a potentially ideal candidate for high efficiency solar cells. Indeed, its bandgap can cover the whole solar spectrum, solely by changing its Indium composition [1, 2] . tent high enough to allow the optimal covering of the whole solar spectrum [9, 10] . For these reasons the InGaN based solar cell is still in early development stages and the reported PV efficiency is still very low to be competitive with other well established thin films technologies [11] .
That is the reason why we present a comprehensive comparative study of PN, PIN and p-layer free Schottky Based Solar Cells (SBSC) structures using realistic physical models and rigorous mathematical optimization approaches and propose a new efficient p-layer free solar cell design with performances higher and tolerances wider than the previously studied Schottky structure [12] .
The following section 2 describes the physical modeling and simulation methodology for the InGaN solar cell structures and discusses their main physical models and material parameters.
Section 3 presents the optimal results for the PN and PIN structures and discusses the impact of the p-layer parameters. Section 4 propose the replacement of the p-layer by a Schottky contact and discusses the performances of the resulting Schottky based solar cells, evidencing, in particular, better fabrication tolerances for the new MIN structure. Section 5 presents the results obtained using actual recently published InGaN experimental composition [13] , before section 6 concludes.
Modeling and Simulation

Physical Modeling
The physical modeling used throughout this paper to carry out the device simulations and optimizations presented in the next sections has been conceived with the less possible approximations and based, whenever possible, on actual measurements. It is summarized in this section.
Transport modeling
The mobilities for electrons and holes, needed for the driftdiffusion model, were calculated using the Caughey-Thomas expressions [14] :
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where m is either n or p, µ n being the electrons mobility and µ p that of holes. T is the absolute temperature. N is the doping concentration. N crit and the n or p subscripted α, β , δ and γ are the model parameters which depend on the Indium composition [15] .
In addition to the mobility model, were taken into account the bandgap narrowing effect [16] , as well as the Shockley-Read-Hall (SRH) [17] and direct and Auger recombination models using the Fermi statistics [18] .
Light absorption modeling
Modeling InGaN based solar cells also implies the need for a precise model of light absorption in the whole solar spectrum and for all x Indium composition. We used a phenomenological model for InGaN that was proposed previously [15] as α (cm −1 ) = 10
where E ph is the incoming photon energy, E g is the material bandgap at a given Indium composition, C and D are empirical parameters depending on the Indium composition.
For the refraction index we used the Adachi model [19] , defined for InGaN and for a given photon energy as
where A and B are also empirical parameters depending on the Indium composition.
Material parameters
The material dependent parameters have been determined for GaN and InN binaries, either from experimental work or ab initio calculations [15, 20] . A review of their values is given in Table 1 . [20, 21] . In the following, the values for the material parameters of InGaN, for any Indium composition x ∈ [0, 1], were linearly interpolated in between the GaN and InN binaries, except for the bandgap E g and the electronic affinity χ where we used the modified Vegard Law with a bowing factor b = 1.43eV for the bandgap and b = 0.8eV for the affinity [15, 22] respectively.
For the recombination models, we chose a relatively low carrier lifetime value of 1ns, much lower than the value of 40ns reported for GaN [23] , in order to get as realistic results as can be.
For the light absorption model, the values of C and D in equation (2) are taken from the experimental measurement reported in [15] and summarized in Table 2 . We approximated their dependency on the Indium composition x by a polynomial fit, of the 4 th degree for the former, and quadratic for the latter:
The A and B parameters in the refraction index equation (3) are experimentally measured [15, 20] Finally, we have chosen to shine on the cell the ASTM-G75-03 solar spectrum taken from the National Renewable Energy Laboratory database 1 .
Simulation Methodology
The devices are simulated in the framework of a driftdiffusion model using the Atlas R device simulation software from the Silvaco R suite, in which we implemented our physical models. Atlas R solves, in two dimensions, the drift-diffusion nonlinear partial differential problem using the Newton coupled and the Gummel decoupled methods [24] . The solar cell analyzed characteristics were the spectral response, the I-V characteristics, the inner electric field and potential distributions as well as the recombination rate variations.
We used mathematically rigorous multivariate optimization methods to find the optimum efficiency with respect to a given set of parameters (as later shown in tables 3 and 4). This methodology is far more rigorous than the usual single parametric analysis, where one parameter is varying while the other parameters are kept constant. It yields for instance the absolute optimum efficiency as a function of the physical parameters.
We have used three mathematical optimization methods that the Sequential Least SQuares Programming (SLSQP) method [26] and the L-BFGS-B quasi-Newton method [25] . The optimization work has been done with a Python package we developed in the SAGE [27] interface to the SciPy [28, 29] optimizers, using the Atlas R simulator as the backend engine.
Optimization of PN and PIN structures
Optimal Results
The PN and PIN solar cells are schematically shown in The second design is based on a PIN structure where the "intrinsic" layer consists in an n-doped layer with a relatively low doping concentration. The standard intrinsic layer (i-layer)
has been replaced by a slightly doped n-layer for two reasons:
on the one hand, the elaborated InGaN usually exhibits residual n-doping [34, 35] and, on the other hand as we will demonstrate later in this section, the optimal efficiency for a PIN solar cell is obtained for an intermediate n-doped layer and not for the quasi-intrinsic layer. The resulting structure is shown on figure   1 (b). The seven optimization parameters are shown in table 3, with the thickness and dopings of the three layers along with their common Indium composition. The minimum value of the quasi-intrinsic layer doping has been set lower than the usually reported residual doping value in InGaN [34] .
To optimize these devices, we used the mathematical optimization methods presented in section 2.2. These methods are constrained and therefore need a parameter range, and, as for the non-constrained methods, a starting point. We defined the parameter range to ensure the physical meaning and the technological feasibility of each parameter. The range chosen for each parameter is shown on the second line of table 3. We then chose to run the optimization with several randomly chosen starting points to get an insight into the precision of our computation and ensure that the found optimum is absolute.
For the PN structure, we found a maximum cell efficiency of 17.8% and optimal values for the physical parameters. The optimal thickness of the P layer is found to be L p = 0.01µm. All these parameters with their tolerance range, as defined below, are reported in table 3.
In practice, it is indeed necessary for an optimal parameter to have a wide tolerance range in which it can vary without lowering the cell efficiency too much. We have performed the tolerance analysis on each parameter, while keeping all the others at their optimal value. We have thus defined a tolerance range, which is the range of values of a given parameter for which the efficiency η remains above 90% of its maximum value. The tolerance range is shown on table 3, just below the optimal value.
For instance, for the PN structure, the efficiency value remains between 16.0% and 17.8% for a p-layer doping N a varying be- Table 3 shows that, on the one hand, the PIN solar cell has an efficiency slightly higher than that of the PN solar cell and, on the other hand, the tolerance ranges for layers thicknesses in the PIN structure are wider than in the PN structure. This latter property is a considerable advantage of the PIN structure in the practical cell realization. For instance, the PIN structure has a tolerance range of [0.10 − 1.00]µm for the n-layer thickness, almost twice wider than that of the PN structure. The wider tolerance range for the n-doping in the PIN structure also allows increasing the n-layer doping value without noticeably impacting the efficiency, for designing low resistance ohmic contacts [36] . 
Impact of the p-layer parameters
Schottky Based Solar Cells
As demonstrated in the previous section, the optimal PN and PIN solar cell efficiencies were obtained for p-layer thicknesses much lower than the light penetration depth and for a relatively and where applicable, the Indium composition x and the metal shows it as a function of i-doping, for different i-thicknesses.
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The optimal i-thickness value, as shown in figure 6(a) , is about 0.60µm as a consequence of the trade-off between the solar light absorption, increasing with the thickness, and the diffusion length that need to remain relatively higher than the layer thickness. The same figure 6(b) shows that the optimal i-doping value is 6.1 × 10 16 cm −3 , corresponding to the optimal Space
Charge Region (SCR) in the device.
In addition to its main advantage of being p-layer free, the 9 even the Schottky structures: the wider tolerance ranges of its optimal parameters, as Table 4 shows. This is due to the ad- 
MIN structure with actual experimental InGaN composition, thickness and metal workfunction
The above presented optimisation work lead to an optimal InGaN composition of x = 0.60 which is not yet experimentally achieved with sufficient material quality, although some very recent papers suggest that these compositions are in the process of being accessible [13, [37] [38] [39] . In this section, we propose to use one actual recent Indium composition obtained by Fabien et al. [13] , that is x = 0.22 for large-area solar cells, and to evaluate the maximum efficiency that it allows.
Furthermore, a thickness constraint is linked to a composition constraint. We therefore limited the reachable thickness to 0.4µm.
Even though, the actually grown layers can have a high density of defects [9] . To take it into account, we introduced, on the one hand, valence and conduction band Urbach tails in the simulation, with an energy of 0.125eV as experimentally obtained in [44] , and, on the other hand, a Gaussian distribution of defects in the bandgap. We used defects that were experimentally studied in the literature using the well known Deep Level (Tran- [40, 41] for the x = 0.09 Indium composition, in [42] for x = 0.13 and in [43] for x = 0.20. The defect energy is measured relatively to the conduction band edge. The capture cross section that we chose to include in the simulation is the highest experimental value reported in [43] .
The optimization process was then run within these constraints and yield the optimal parameters summarized in table 6 . As could be expected the layer thicknesses as well as the Indium concentration were found at their maximum authorized value, 0.4µm and x = 0.22 respectively, yielding a 7.25% maximum efficiency. However, the computed tolerances deserve attention, since they are higher than one fourth, or even one half, of the optimal values, as far as the thicknesses are concerned.
As this was carried out without defects included, we then evaluated the MIN cell efficiency while varying the total density of states from 1.0 × 10 13 cm −3 to 1.0 × 10 17 cm −3 . This latter density is even higher than the dominating defects concentration reported in [40] [41] [42] [43] . Figure 7 shows the MIN solar cell photovoltaic efficiency, with the actual experimental Indium composition, with respect Table 7 : Optimum efficiency η obtained for a MIN solar cell with various usual metal work functions W f , lower than the optimal 6.30eV yield by the optimization process; and for the optimal x = 0.60 Indium composition alongside the x = 0.22 composition published in [13] . 
Conclusion
We investigated the photovoltaic performances of InGaN based PN, PIN and SBSC structures, using rigorous multivariate numerical optimization methods to simultaneously optimize the main physical and geometrical parameters of the solar cell structures. We have found optimal photovoltaic efficiencies of 17.8% and 19.0% for the PN and PIN structures respectively.
The optimization results led us to propose a new p-layer free SBSC structure called MIN, the optimal efficiency of which is a higher 19.8% for an Indium composition of a yet-to-reach x = 0.60, and as high as 7.25% for a recent experimental Indium composition of x = 0.22 for a 0.4µm thin layer that is not free of cristalline defects, the density of which we took into account. In addition, the MIN structures has been shown to allow wider tolerance ranges on its physical and geometrical parameters, which allows to enhance its practical feasibility and reliability. The wider tolerance ranges of the new MIN structure allow, for example, when compared to the previously studied Schottky structure, the easier realization of low resistance ohmic contacts, solely by raising the n-doping, as it was shown not to impair the efficiency.
